. (2015). Fractional order modelling of the cumulative deformation of granular soils under cyclic loading. Acta Mechanica Solida Sinica, 28 (6), 647-658. Fractional order modelling of the cumulative deformation of granular soils under cyclic loading
II. CUMULATIVE STRAIN BASED ON FRACTIONAL CALCULUS
For soils loaded and then unloaded for N cycles, the total strain can be obtained by with respect to the number, N. It should be noted that the number of load cycles, N, can be 124 related to the real loading time, t, by using t = N / f where f denotes the load frequency.
125
Similar approaches can be found elsewhere in [6, [8] [9] [10] . r is the shear-related parameter, 
III. CYCLIC FLOW RULE
where
) is the mean effective principal stress. The stress ratio slippage. However, as stated before, granular soils not only suffer particle arrangement but 149 also breakage during loading. Therefore, to better reflect the deformation mechanism, a 150 modified cyclic flow rule is suggested here by considering energy dissipation from both 151 particle rearrangement and breakage. For an arbitrary cyclic loading process, the total plastic 152 strain for the tested sample can be expressed as an integral of all the increments in Eq. (10).
153
The stress ratio, η , in Eq. (11) varies with time. However, it can be treated as a mean value, 
IV. CONSTITUTIVE EQUATIONS

179
The cumulative total strain is a sum of the elastic strain and the plastic strain, which can be 180 formulated as 
242
Detailed values of the model parameters can be found in Table 1 . the specific weight along with the other physical properties can be found in Table 2 . The Moreover, to preliminarily demonstrate the ability of the fractional order model in 293 characterising the entire stress strain hysteresis curve, two additional cyclic tests, as shown in
294
Figs. 9 and 10, are simulated by using Eq (7). Fig. 9 shows the prediction of the drained 295 cyclic triaxial tests on the Zipingpu rockfill [14] . The sample was prepared to have a diameter equal to 300 mm and a height equal to 600 mm before initially compressed to an effective 297 mean principal stress equal to 500 kPa. The subsequent test was conducted under the stress 298 amplitude equal to 400 kPa. The physical properties of the sample can be found in Table 2 .
299
The shear-related moduli, G 0 , used for first, second loading and the subsequent unloading are Test data for ballast [42] Test data for sand 
